Objective: Macroprolactinemia, which can be detected by a polyethylene glycol (PEG) precipitation test, is a clinically and biologically heterogeneous condition. In this study, we analyzed whether the clinical presentation, the hormonal findings and the in vitro lactogenic activity differed between macroprolactinemic patients with and without circulating prolactin (PRL) -IgG complexes. Design: Clinical data were reviewed and additional hormonal studies were performed in 50 hyperprolactinemic patients with macroprolactinemia. Methods: Macroprolactinemia was identified by a PRL recovery after PEG precipitation of ,50%, as measured by an automated commercial immunoassay system and circulating PRL -IgG complexes by an abnormal PRL binding to anti-IgG agarose. Results: PRL -IgG complexes were found in 46 patients. The origin of hyperprolactinemia in these 46 patients was idiopathic in 33 patients, while a pituitary lesion or stalk magnetic resonance imaging or computed tomography scan was detected in 13 patients found compression. Galactorrhea was found in 11 of these 46 patients, while this condition was present in three of the four patients without circulating PRL -IgG complexes. The median free PRL concentration was significantly lower in patients with PRL -IgG complexes than in the group without complexes (243 vs 969 mIU/l; P , 0.005), whereas median total PRL immunoreactivity and median PRL bioactivity in the Nb2 assay were not significantly different. In patients with circulating PRL -IgG complexes, Nb2 bioassay results correlated significantly with total PRL immunoreactivity (r ¼ 0.64; P , 0.0001), but not with free PRL results (r ¼ 0.24; P , 0.17). Conclusions: These results indicate that PRL -IgG complexes (i) account for most cases of macroprolactinemia -as identified by PEG precipitation -in hyperprolactinemic patients presenting with a variety of diagnoses, (ii) are not associated with a specific clinical presentation, (iii) can be found in patients with diverse pituitary pathologies, and (iv) possess an in vitro lactogenic activity in the Nb2 bioassay in relation to their immunoreactivity.
Introduction
Prolactin (PRL) circulates in human serum in forms of different molecular sizes. In normal sera, the major form is the monomeric form with a molecular mass of 23 kDa, but in some sera a form with a molecular mass . 150 kDa (named big, big PRL) is predominant (1 -4) . This phenomenon is called macroprolactinemia and is classically identified by gel filtration chromatography, a rather time-consuming and rather difficult technique. Recently the reliability of the polyethylene glycol (PEG) precipitation test for the routine detection of macroprolactinemia in hyperprolactinemic samples by different immunoassays has been established (4 -8) . The prevalence of macroprolactinemia in subjects with hyperprolactinemia using this method was found to be between 9 and 26% in prospective laboratory studies (4 -10) .
The term macroprolactin designates as well PRLimmunoglobulin G (IgG) complexes as covalently or non-covalently bound aggregates of monomeric PRL molecules (3, 11 -14) . Recent evidence from larger studies, however, indicates that macroprolactinemia is mostly due to PRL -IgG complexes (10, 15, 16) . Despite renewed interest in this condition, it remains so far unclear whether the nature of the complexes (PRL -IgG complexes versus PRL polymers) affects PRL bioactivity and clinical presentation.
The clinical correlates of the presence of a high molecular mass form of immunoassayable PRL in the blood circulation show great diversity between patients. Many patients lack the clinical manifestations typical of the hyperprolactinemia syndrome, while others with similar serum levels of PRL have complaints such as oligomenorrhea, minimal lactation, gynecomastia or impotence (5, 9, 15 -17) . Therefore, we designed the present study (i) to determine the prevalence of PRL -IgG complexes in hyperprolactinemic patients with macroprolactinemia (detected by PEG precipitation), (ii) to analyze whether the clinical and hormonal findings differ between macroprolactinemic patients with and without circulating PRL -IgG complexes, and (iii) to explore whether these complexes possess lactogenic activity and whether the level of PRL bioactivity in vitro is related to the clinical presentation and/or the PRL immunoreactivity.
Subjects and methods
Clinical data were reviewed and additional biochemical studies were performed in 50 consecutive hyperprolactinemic patients with macroprolactinemia, identified by a PRL recovery after PEG precipitation of , 50%, as measured by an automated commercial electrochemiluminescent immunoassay system (Elecsys; Roche Diagnostics, Mannheim, Germany) (10) . These patients were detected by the systematic performance of a PEG precipitation when the serum PRL value exceeded 1000 mIU/l. The presence of macroprolactinemia was confirmed by gel filtration chromatography in serum samples of patients with a recovery between 40 and 50%, since these cut-offs have been considered in some studies as a gray zone, where the presence of macroprolactinemia has to be confirmed or refuted by chromatography (5, 7). Forty-two patients were followed at the Clinics of Endocrinology and Fertility of the Academic Hospital of the Free University of Brussels and eight at the Department of Obstetrics and Gynecology, Rambam Medical Center, Haifa, Israel. One patient had liver cirrhosis and three of the subjects were taking PRL-raising medication. Idiopathic growth hormone deficiency of childhood-onset had been diagnosed in one patient and one patient had been operated for a macroprolactinoma. Parasellar meningioma (one case), non-secreting gonadotropinoma (one case) and cerebral sarcoidosis (one case) were diagnosed after the initial screening procedure.
Clinical data collected in these 50 macroprolactinemic subjects were age and sex of the patients, reason for PRL determination, presence or absence of symptoms related to the hyperprolactinemia syndrome (infertility, oligoamenorrhea and galactorrhea in women; galactorrhea and impotence or loss of libido in men), results of pituitary gland imaging, diagnosis of hyperprolactinemia and presence or absence of another pathology explaining the presenting symptomatology (Table 1) .
If not yet available at the time of the PRL measurement, serum concentrations of luteinizing hormone, follicle-stimulating hormone, estradiol (in women), testosterone (in men), free thyroxine, thyrotropin and anti-thyroid peroxidase antibodies were measured in all sera by standard automated immunoassays. All PRL measurements in this study were done with the automated Elecsys PRL assay, which uses the electrochemiluminescent reaction of Ru (II) Tris (bipyridil) with tripropylamine combined with magnetic microparticle separation. This PRL assay has a dual monoclonal sandwich format with an incubation time of 18 min. The sample volume is 10 ml and the measuring range is 10 -10 000 mIU/l (Third IRP WHO Reference Standard 84/500). The limit of detection is 3.2 mIU/l. The within-run and between-run coefficient of variation (CV) are , 3.1% and , 4.0% (range 130 -6800 mIU/l) respectively. All PEG precipitation tests and gel filtration chromatographs were done at the Endocrine Laboratory (Academic Hospital, Free University of Brussels, Belgium) as described previously (10) . A free PRL or non-PEG precipitable PRL immunoreactivity, defined by the product of serum PRL with the percentage recovery after PEG precipitation, was calculated. In an attempt to characterize the nature of the high molecular mass forms of PRL, we performed an immunoprecipitation test with anti-human IgG agarose, as described previously (10) . This method has, in our laboratory, a between-run CV of 3.5%. A cut-off of 15%, presenting the highest binding of non-macroprolactin-containing www.eje.org sera, was used to identify the presence of PRL -IgG complexes. In 37 of the patients, serum was available for a bioassay of lactogenic activity, using Nb2 cells, as described previously (18) . The sensitivity of the assay is, in our hands, 150 mIU/l. Statistical analysis included the Mann -Whitney or Kruskal -Wallis tests for comparisons of continuous parameters and a chi-square test for categorical parameters.
Results
Forty-four subjects with macroprolactinemia were females with a median age of 34.5 years at presentation (range 14-83 years) and six were males with a median age of 41.5 years (range 13 -63 years). In females the initial complaint and reason for performing a PRL measurement was primary infertility in 17, secondary infertility in 11, galactorrhea in five, loss of libido in two and secondary amenorrhea in three. In two females, a PRL measurement was done in the endocrine follow-up of a known PRL-secreting pituitary adenoma and in four subjects as part of a general hormonal screening for a suspected or known pituitary pathology. In male patients, the clinical incentive for PRL determination was galactorrhea in two, gynecomastia in three and loss of libido in one. Galactorrhea was found at clinical examination in 14 patients (two males and 12 females) and oligomenorrhea was documented in six premenopausal women. Loss of libido was an ancillary complaint in three (two females and one male) and mastodynia was noted in three women. Of the 35 patients who had a pituitary imaging (ten had computed tomography (CT) scans and 25 magnetic resonance imaging (MRI)) performed in the first months after the detection of the hyperprolactinemia, a parasellar meningioma was found in one patient, a residual intrasellar mass (post-macroprolactinoma resection) in another and a small (, 10 mm) intrapituitary lesion in 11. The diagnosis, based on endocrinological and radiographical examinations, in these 11 cases with a radiological pituitary anomaly were sarcoidosis (histologically confirmed) in one, gonadotropinoma in one, Rathke cyst in one, and a microprolactinoma in eight cases. In all men and premenopausal women serum concentrations of gonadotropins and sex steroids were normal. Thyroid function tests were normal in all patients, but three patients had positive anti-thyroid peroxidase antibodies. As shown in Table 1 , diagnosis of hyperprolactinemia was in 35 patients idiopathic hyperprolactinemia, defined by a normal hormonal work-up and a normal pituitary imaging, which was performed in cases of hyperprolactinemia above 5000 mIU/l. Other diagnoses were microprolactinoma in eight patients, a drug-induced hyperprolactinemia in three, a stalk compression in three, and a residual macroprolactinoma in one; an alternative origin for the complaint, such as polycystic ovary syndrome, tubal infertility or male infertility, was present in 15 of the 35 patients with idiopathic hyperprolactinemia, in one of the eight patients with microprolactinoma and in one of the three patients with a diagnosis of stalk compression. Moderate to marked elevations of serum PRL, ranging between 1054 and 6466 mIU/l (median concentration of 2203 mIU/l) were found at initial screening. Six patients (three with idiopathic hyperprolactinemia) had a serum PRL concentration above 5000 mIU/l, but in only one of these patients was free PRL, as defined by the product of PRL with the percentage recovery after PEG precipitation, above 1000 IU/l. Free PRL was above 1000 mIU/l in only 5 of 50 studied subjects. Median PRL and free PRL concentration were not significantly different between patients with and without galactorrhea, in women with and without menstrual disturbances or in men with and without gynecomastia. In the immunoprecipitation test with anti-IgG agarose, performed on all serum samples, PRL binding ranged between 2.8 and 91% (median value 66%). In the seven serum samples selected for gel filtration chromatography by their recovery between 40 and 50%, the proportion of macroprolactin, as determined by analysis of the area under the PRL curve, was above 30% in all cases.
Circulating PRL -IgG complexes, as defined by PRL binding to anti-IgG agarose above 15%, were found in 46 patients. The origin of hyperprolactinemia in these patients was considered idiopathic in 33 patients, drug-induced in two and caused by a microprolactinoma in eight and by stalk compression in two. Circulating PRL -IgG complexes were found in the three patients with circulating anti-thyroid peroxidase antibodies and in three of the five patients with free PRL concentration above 1000 mIU/l. In the four patients without PRL -IgG complexes, the hyperprolactinemia was drug-induced in one patient, idiopathic in two and caused by a stalk effect in one. While galactorrhea was found in three of the four patients without PRLIgG complexes, this symptom was only present in 11 of the 46 with circulating PRL -IgG complexes (P , 0.005). Primary infertility had been the reason for PRL measurement in 17 and secondary infertility in 11 of the 46 patients with positive PRL -IgG complexes. In the patients with PRL -IgG complexes, the percentage of PRL binding to anti-IgG agarose was independent of age and the initial reason for PRL determination. PRL binding to anti-IgG agarose correlated significantly (r ¼ 2 0.74; P , 0.0001) with the percentage of the PRL recovery after PEG precipitation (Fig. 1) . The four patients without PRL -IgG complexes had similar median serum PRL values (2417 vs 2722 mIU/l; P ¼ 0.68), but significantly higher median free PRL concentrations (969 vs 243 mIU/l; P , 0.005) than those with PRL -IgG complexes in the circulation ( Table 2 ). The proportion of macroprolactin assessed by gel chromatography in these four patients without PRL -IgG complexes was between 30 and 37%.
Median PRL bioactivity in the Nb2 assay was not significantly different between patients with and without PRL -IgG complexes. Neither lower PRL bioactivity nor lower PRL immunoreactivity was present in the sera of those patients with an alternative diagnosis for their complaint. Median PRL bioactivity values did not differ between patients with or without typical hyperprolactinemia complaints such as galactorrhea, menstrual disturbances and infertility. In patients without circulating PRL -IgG complexes, PRL bioactivity values increased with increasing serum free PRL concentrations, but not with the total immunoassayable PRL content of the sera. In the patients with circulating PRL -IgG complexes, a significant correlation was found between bioactivity values and serum PRL concentrations (r ¼ 0.64; P , 0.0001), but not with the calculated free PRL values (r ¼ 0.24; P ¼ 0.17) (Fig. 2) .
Discussion
In the evaluation of patients with hyperprolactinemia, the performance of a PEG precipitation test has been advocated for serum samples in the hyperprolactinemic range in highly reacting commercial immunoassays, such as the Delphia and Elecsys systems (6, 8, 19) . Using this approach, we detected 50 patients with macroprolactinemia, which is one of the largest populations studied both clinically and biologically up to now. In accord with previous, albeit smaller studies, the majority of them were young to middle-aged adult females (7, 15, 16) . Menstrual disorders, infertility and galactorrhea are the classic symptoms observed in previous published series of women with macroprolactinemia (7, 9, 15, 16, 20) . Although most of the macroprolactinemic women in our survey consulted for infertility, this feature may have only initiated the PRL evaluation. Furthermore, its relationship to the hyperprolactinemia can be coincidental, given the presence of oligomenorrhea and amenorrhea in only a minority, an alternative diagnosis for their complaint in more than half of these hyperprolactinemic women, and the finding of normal gonadotropins and sexual steroids in all of them. Galactorrhea was another frequent complaint of both women and men with macroprolactinemia in our study. Neither serum total PRL immunoactivity nor free PRL values were found to be higher in these symptomatic patients. We cannot exclude, however, that because of a low stability of the high molecular mass PRL complexes, monomeric PRL levels are fluctuating and reach high levels, leading to clinical symptoms in some conditions (13, 21) . A consistent tendency for monomeric PRL to increase faster than the high molecular mass PRL has been observed in macroprolactinemic women during pregnancy (21) .
Since clinical symptoms were found to be correlated neither with total immunoreactive PRL nor with free PRL, we investigated other biological factors to explain the diversity in clinical symptomatology. Suspecting that part of the differential clinical presentation of macroprolactinemia between subjects might be related to the presence or absence of circulating PRL -IgG complexes, all macroprolactinemic samples were assessed by immunoprecipitation with anti-IgG agarose. Ninety-two percent of macroprolactinemic samples in our study were found to contain PRL -IgG complexes. Previous studies, investigating a rather small number of serum samples of macroprolactinemic women, have Figure 1 Scattergram of PRL binding to IgG agarose in relation to PRL recovery after PEG precipitation in patients with PRL-IgG complexes. Table 2 Comparison between PRL-IgG-positive and negative macroprolactinemic patients. shown that the majority of the high molecular mass PRL forms isolated by gel chromatography were retained on protein A or anti-IgG columns (15, 22) . Since we identified only four patients without PRL -IgG complexes, it is difficult to make valid comparisons between patients with and without IgG in their PRL complexes. Galactorrhea, however, seemed to be more frequent in the group without PRL -IgG complexes. Although the free PRL concentration was in general higher in these four patients without PRLIgG complexes, it remained below the levels found mostly in patients with micro-or macroprolactinoma and was of no diagnostic aid in the discrimination between PRL -IgG complex-negative and -positive patients because of the great overlap of the values. From a clinical point a view, symptomatic patients with mild to moderate hyperprolactinemia and/or idiopathic hyperprolactinemia, as was the case for many of our patients, present the greatest diagnostic difficulty. Serial biological and neuroradiological assessments have been recommended to identify the 'transition towards prolactinoma' (23) . On the contrary, it has been proposed that the detection of PRL -IgG complexes in hyperprolactinemic sera eliminates the need for further investigations related to the hyperprolactinemia (7, 24) . PRL-IgG complexes as well as PRL polymers have been found, however, in patients with prolactinoma, including macroprolactinoma (16, 22) . In the present study, despite the fact that MRIs or CT scans were not included in the standard investigation protocol of moderately elevated serum PRL concentrations, pituitary abnormalities were documented in one-third of patients with circulating PRL -IgG complexes. In a recent pituitary imaging study of patients with macroprolactinemia, abnormal pituitary imaging was found in 21% (25) . These radiological findings in macroprolactinemic patients should, however, be interpreted with caution because of the high incidence of false positives in the normal population and the persistence of a normal pituitary function in many of these patients (26) . On the other hand, we found circulating PRL -IgG complexes in two patients with a stalk-compressing meningioma and in one patient with a histologically proven residual macroprolactinoma. High molecular mass PRL forms which resisted repeated thawing and freezing have been demonstrated previously in the extracts of PRL-secreting pituitary tumors (27) . Our finding of an association of macroprolactin with stalk-compressing cerebral tumors and cerebral sarcoidosis warrants a cautious work-up of patients with macroprolactinemia, including an MRI of the pituitary. Taken together, however, our clinical data suggest that macroprolactinemia is usually associated with benign conditions and that the lack of clinical symptoms and endocrinological consequences in hyperprolactinemic patients with only minor pituitary abnormalities on MRI or CT scanning must rather favor the diagnosis of macroprolactinemia-associated hyperprolactinemia.
A reduced biological activity of macroprolactin (compared with monomeric PRL) has been suggested as the reason for lack of symptoms in macroprolactinemic patients (11, 21, 23) . On the other hand, some studies, often based on single-case reports, found that serum containing high molecular mass PRL exhibited lower, higher or similar biological activity compared with serum with monomeric PRL (11, 15, 27, 28) . These differences may have a technical origin, or alternatively they might further indicate some heterogeneity of these high molecular mass PRL complexes. We found a difference in the bioactivity pattern of sera from our patients with macroprolactinemia, depending on the nature of the complex. In macroprolactinemic sera without measurable circulating PRL -IgG complexes, bioactivity values increased with increasing free PRL concentrations, but not with total immunoassayable PRL concentrations, suggesting no or limited agonistic activity of these non-IgG related complexes on PRL receptors. In accord with two previously performed bioactivity/immunoreactivity correlation studies, which included only four and seven PRLIgG-containing serum samples, we found that in the samples containing PRL -IgG complexes, the bioactivity values correlated well with the measured total PRL immunoactivity of the sera, suggesting that PRL -IgG complexes have an intrinsic bioactivity (15, 16) .
Although the bioactivity of the total sera, and not of the PEG precipitated PRL, was measured by us, we think, however, that the total PRL immunoreactivity can be used to represent PRL -IgG complexes, since the majority of PRL was found to be IgG-bound. No difference in bioactivity was found in our study between patient groups with a different initial complaint. Bioactivity in the Nb2 assay was comparable between patients with idiopathic hyperprolactinemia and those with another origin for their hyperprolactinemia. Therefore, the different biological activities of the circulating PRL -IgG complexes cannot explain the absence or presence of clinical symptoms in macroprolactinemic samples.
In conclusion, we confirmed that in the majority of cases of macroprolactinemia, detected by PEG precipitation, are related to PRL -IgG complexes, associated with moderately elevated PRL concentrations if measured by the Elecsys automated immunoassay system. Besides a tendency for a higher frequency of galactorrhea and a higher free PRL level in patients without IgG-containing complexes, no other clinical or hormonal findings were found to differ between macroprolactinemic patients with or without circulating PRL -IgG complexes. Furthermore, these PRLIgG-positive macroprolactinemic patients mostly had free PRL levels within normal ranges, and in about two-thirds of them other conditions were present to account for the complaint. While in none of them was an impact on the pituitary and gonadal function documented, microprolactinoma had been diagnosed on a radiological basis in one-fifth of them. On the other hand, the PRL -IgG complexes were shown to possess a PRL-like biological activity in the Nb2 assay, which was related to the immunoreactivity, but unrelated to the clinical presentation.
